Using the sol-gel method we synthesized hematite ( α − Fe 2 O 3 ) nanoparticles in a silica matrix with 60 wt % of hematite. X-ray diffraction (XRD) patterns and Fourier transform infrared (FTIR) spectra of the sample demonstrate the formation of the α − Fe 2 O 3 phase and amorphous silica. A transmission electron microscopy (TEM) measurements show that the sample consists of two particle size distributions of the hematite nanoparticles with average sizes around 10 nm and 20 nm, respectively. Magnetic properties of hematite nanoparticles were measured using a superconducting quantum interference device (SQUID). Investigation of the magnetic properties of hematite nanoparticles showed a divergence between fieldcooled (FC) and zero-field-cooled (ZFC) magnetization curves and two maxima. The ZFC magnetization curves displayed a maximum at around T B = 50 K (blocking temperature) and at T M = 83 K (the Morin transition). The hysteresis loop measured at 5 K was symmetric around the origin, with the values of coercivity, remanent and mass saturation magnetization H C10K ≈ 646 A/cm, (810 Oe), M r10K = 1.34 emu/g and M S10K = 6.1 emu/g respectively. The absence of both coercivity ( H C300K = 0) and remanent magnetization ( M r300K = 0) in M (H) curve at 300 K reveals super-paramagnetic behavior, which is desirable for application in biomedicine. The bimodal particle size distributions were used to describe observed magnetic properties of hematite nanoparticles. The size distribution directly influences the magnetic properties of the sample. K e y w o r d s: iron oxide, hematite ( α − Fe 2 O 3 ), sol-gel synthesis, superparamagnetism (SPION), Morin transition, particle size effects
Introduction
The investigations of iron(III) oxide nanoparticles and their physical properties have attracted considerable attention in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Iron(III) oxides show remarkable magnetic properties, both for fundamental investigations and practical applications. The magnetic properties of these materials have been shown to depend on their size, shape, and microstructure [11] [12] [13] [14] [15] [16] . In particular, iron(III) oxides are an attractive group of materials with a wide range of magnetic properties, from antiferromagnetic, superparamagnetic and weak ferromagnetic to ferrimagnetic [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . As the size of the particles decreases, the magnetic properties of the iron(III) oxides exhibit peculiar properties, which differ from those of bulk counterpart materials, because of nanoscale confinement and surface effects. They have a range of practical applications in different technological areas, such as solar cell, pigment, microwave absorption, catalysis, environ-ment protection, gas sensor, magnetic storage, clinical diagnosis and treatment, etc [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
Among the iron(III) oxides hematite is the most thermally stable polymorph. Hematite crystallizes in the rhombohedral system, space group R-3c [40] . Bulk hematite is a weak ferromagnet below the Néel temperature T N (948 < T N < 963 K) that undergoes a magnetic phase transition at the Morin temperature T M (T M ≈ 263 K) to a purely antiferromagnetic phase at lower temperatures [40] . Hematite magnetic properties depend on the particle size and display the most interesting effects when the size of the particles decreases below 20 nm. The Morin temperature reduces with decreases of the particle size and tends to vanish for particles smaller than about 10 nm [41, 42] . A reduction of the Néel temperature with decreasing particle size has been also observed [43] . If the particles become small enough, the direction of the magnetic moment in a single domain fluctuates due to thermal agitation, leading to superparamagnetic be-haviour above the blocking temperature T B , and to spatial freezing of these moments below T B [44, 45] . Several recent studies have been focused on understanding the influence of the particle sizes on the magnetic properties of hematite. These studies have shown that the particle size of α − Fe 2 O 3 nanoparticles has a significant impact on the magnetic properties, in particular on the Morin transition, the Néel temperature and superparamagnetic relaxation of the nanoparticles [43, 46] . Consequently, synthesis methods and systems where the size of magnetic nanoparticles can be changed in a controllable manner are the most useful for studying the above-described effects.
In our previous papers [44, 45] , we reported on a study of α − Fe 2 O 3 /SiO 2 nanocomposites containing 30 wt% and 45 wt% of hematite prepared by the sol-gel method. The results revealed the existence of single particle size distribution and no evidence of significant particle agglomeration. In this work, we present continuation of our investigations of highly concentrated hematite nanoparticles (60% in weight) in a silica matrix obtained by the same preparation method. The results on the structural and magnetic properties collected by using X-ray powder diffraction (XRPD), transmission electron microscopy (TEM) and magnetization measurements are presented. The observed magnetic properties classify the investigated sample in the superparamagnetic (the blocking temperature) and weak ferromagnetic (the Morin transition). The particle size distribution has been taken into account in the study on the nanoscale size-effects of magnetic properties.
Experiment
The Fe 2 O 3 /SiO 2 nanocomposite was prepared by the sol-gel method [44, 45] . The starting point for the synthesis of was a solution prepared by mixing tetraethyl orthosilicate (TEOS), deionized water and ethanol. An aqueous solution of iron nitrate (Fe(NO 3 ) 3 9H 2 O vv, Aldrich 98%) was added to the initial solution in such a proportion as to provide 60 wt% of iron oxide in the final dried powder. The subsequent heat treatment of the sample was carried out in the air for 5 h at 200 • C.
The crystal structure was analyzed by X-ray powder diffraction (XRPD) on a Rigaku RINT-TTRIII diffractometer operating with Cu K α radiation. Measurements were performed in range 2θ = 10 − 80 • . The particle size and size distribution were investigated using TEM (transmission electron microscopy, JEOL 2010F). Fourier Transform Infrared (FTIR) spectra of samples were recorded on a Nicolet FTIR spectrometer (IS 50) at room temperature in the wavenumber range of 4000 − −400 cm -1 with a resolution of 4 cm -1 . Magnetic measurements were performed on a commercial Quantum Design MPMS-XL-5 superconducting quantum interference device (SQUID)-based magnetometer in a wide range of temperatures (5 − 300 K) and applied DC fields (up to 5 T).
Results and discussion
The crystal structure and the phase composition of the sample were examined by X-ray diffraction (XRD) measurements. The recorded diffraction pattern and indexed peaks are shown in Fig. 1 . The broad diffraction peaks can be observed, as expected for nanocrystalline particles. The positions of all the peaks coincide with the maxima characteristic of the hematite phase (JCPDS card 33-0664). No diffraction line corresponding to other phases has been observed, indicating high purity of the sample. The FTIR spectrum of the sample was shown in Fig. 2 . Two absorption peaks at about 533 and 440 cm -1 are observed in the spectrum of the sample. In comparison with the literature, we conclude that these peaks corresponded to the stretching and bending modes of the Fe-O bond in hematite [47] . The peaks located at 1065 and 794 cm -1 are assigned, respectively, to the asymmetric and symmetric stretching of SiOSi [48, 49] . The absorption band at 954 cm -1 can be assigned to SiOH stretching vibration [50] . No peaks that would correspond to other iron oxide phases were observed, indicating a pure hematite phase has formed. The particle size and particle size distribution of the asprepared α−Fe 2 O 3 powder were studied by transmission electron microscopy. The TEM micrographs for the sample are shown in Fig. 3 . It can be seen that the powder is composed of particles with average sizes of about 10 and 20 nm, respectively. Therefore, this nanoparticle system has a broad particle size distribution that consists of two distinct particle size distributions (bi-modal system). Magnetic nanoparticles with sizes below 100 nm in diameter represent an interesting group of materials where their magnetic properties depend on their size. The relaxation of the magnetization orientation of each particle is determined by τ = τ 0 e KV /2kT , in which τ is the relaxation time at one orientation, τ 0 is attempt frequency, K is the particles anisotropy constant, V is the particle volume, k is Boltzmanns constant, and T is temperature [51] . The energy barrier between the two orientations is ∼ KV . Decreasing the size of the particle up to KV ≤ KT (KT -thermal energy) the particles magnetization starts to fluctuate from one direction to another and this state is called superparamagnetic (the magnetic moment of this particle is randomized to zero). The magnetic state of the magnetic nanoparticles can be investigated by measuring M (magnetization) vs H (applied magnetic field). For the superparamagnetic state under an applied magnetic field H = 0 , the magnetization of each magnetic particle points in different directions and the overall magnetic moment is zero [51] . The typical properties of a superparamagnetic material are the existence of a blocking temperature T B , irreversibility (ie , bifurcation) of the ZFC and FC curves at T irr (irreversibility temperature) and the absence of the magnetic hysteresis above T B (superparamagnetism). On the other hand, for the ferromagnetic particles typical properties are the remanent magnetization (M r > 0 ) and coercivity (H C > 0 ). The M (T ) of hematite may display three interesting temperatures for investigation: the Néel temperature, the Morin temperature, and the blocking temperature [41] [42] [43] [52] [53] [54] [55] . The measured M (T ) dependence for the sample is shown in Fig. 4 , where ZFC magnetization sharply increases at 54 K, reaching a maximum at 83 K with a subsequent decrease up to 300 K.
This sharp jump and behavior of the magnetization is the property of α − Fe 2 O 3 phase and is called the Morin transition [52, 53] . Moreover, a blocking temperature at about 50 K that originates from the α − Fe 2 O 3 nanoparticles is also visible in the ZFC curve, thus indicating the presence of the nanoparticles with smaller sizes. These magnetic properties of the sample can be explained by the bimodal particle size distributions that are observed in TEM images (Fig. 3) . The group of the particles with sizes around 10 nm produced blocking temperature whereas the particles with higher sizes around 20 nm produced the Morin transition ( Fig. 3 ). Fig. 5(a) shows the field dependence of the isothermal magnetization M (H) at 10 K. Absence of the magnetization saturation as well as the existence of the hysteresis loop below the blocking temperature should be noticed. The values of the coercivity, remanent, and mass saturation magnetization are H C10K = 646 A/cm (810 Oe), M r10K = 1.34 emu/g and M S10K = 6.1 emu/g, respectively. (NOTE: emu/g = Am 2 / kg). The M (H) measurements were also recorded at T = 300 K for the sample (Fig. 5(b) ). The absence of both coercivity (H C300K = 0 ) and remanent magnetization (M r300K = 0 ) suggests superparamagnetic behavior at this temperature. The value of the saturation magnetization of the sample was M S300K = 1.93 emu/g at 300 K. The values of M S were determined by extrapolating 1/H to zero-field in the M vs 1/H plot based on the high field data. The bimodal particle size distributions observed by TEM measurements (Fig. 3 ) were used to describe the magnetic properties of hematite nanoparticles. This suggests that particles with smaller sizes around 10 nm produced blocking temperature and superparamagnetism, whereas particles around 20 nm produced the Morin transition.
Conclusion
The α−Fe 2 O 3 /SiO 2 nanostructure containing 60 wt% of hematite were synthesized by the sol-gel method and characterized by XRD, FTIR, TEM, and SQUID magnetometer. The XRD and FTIR revealed the formation of the hematite phase and amorphous silica. The TEM measurements show hematite nanoparticles with a wide range of particle sizes embedded in silica matrix and bimodal particle size distributions. The iron oxide nanocrystals with bimodal size distributions and average diameters around 10 and 20 nm allowed us to directly investigate the size-dependent magnetic properties of hematite. We observed both the Morin transition and blocking temperature (both of them are size-dependent magnetic proper-ties), which can be attributed to the bimodal size distributions. The Morin transition is a result of the particles with sizes around 20 nm whereas the blocking temperature is a consequence of the particles around 10 nm. The magnetic behavior of the sample clearly demonstrated the effects of the particle size, especially on the magnetization dependence on the temperature M (T ). We conclude that the dimensionality and the size distribution of the nanoparticles are two main factors that determine the magnetic properties of the synthesized sample.
